Introduction {#Sec1}
============

While fear conditioning involves both affective and cognitive learning, few studies actually include read-outs of both cognitive and affective learning. In affective learning the aversive valence of the unconditioned stimulus (US) is transferred to the conditioned stimulus (CS), while in expectancy learning the CS becomes a predictor of the US on a cognitive level^[@CR1],[@CR2]^. According to the dual process theory of fear learning, separate systems are involved in the formation and expression of the emotional and cognitive aspects of fear learning and these processes can occur independent of each other^[@CR1],[@CR3]--[@CR8]^. In order to disentangle the underlying brain mechanisms of these different read-outs of fear, multiple measures of fear learning within a functional magnetic resonance imaging (fMRI) study are required, given that emotional and cognitive learning are deemed to be reflected in dissociating correlates. Evidence of fear learning in humans is usually obtained through behavioral and physiological measures of the expression of fear, such as the fear-potentiated startle (FPS) reflex, pupil dilation, skin conductance response and US-expectancy ratings and fMRI^[@CR9]^. FPS is the augmentation of the eye blink component of the startle reflex that occurs during fear conditioning. The amygdala increases the amplitude of the eye blink reflex during fear conditioning through three parallel (direct and indirect) pathways involving the central nucleus of the amygdala, the pontis caudalis, the superior colliculus, the deep mesencephalic reticular nucleus, the medial nucleus of the amygdala, the ventromedial hypothalamus and the periaqueductal gray^[@CR10]^. FPS differs from pupil dilation and skin conductance response in that it is a specific measure of fear that, unlike skin conductance and pupil dilation, differentiates between positive and negative valence and occurs independent of the awareness of CS−US contingencies^[@CR4],[@CR11]--[@CR13]^. In contrast to FPS, fear-conditioning as measured with skin conductance seems to mirror US-expectancy ratings^[@CR7],[@CR8],[@CR14]^. Together these findings indicate that FPS reflects the affective aspects of fear learning, while pupil dilation and skin conductance reflect expectancy learning and general arousal^[@CR5],[@CR8],[@CR10],[@CR15],[@CR16]^. Currently FPS is the preferred measure when studying the emotional aspects of fear learning, even though the FPS does not always differentiate between positive and negative affect^[@CR17],[@CR18]^. However, measurement of FPS requires an additional experimental manipulation. Loud acoustic startle probes are presented to elicit a startle reflex, which are themselves also aversive^[@CR19]^. Hence, administering additional aversive stimuli during fear conditioning (in a fMRI context) might affect the formation of fear associations, as indexed by physiological and neural read-outs. Indeed, in a between group paradigm, Sjouwerman and colleagues found that differential skin conductance responding was attenuated by administration of acoustic startle probes (driven by decreased responding to CS+)^[@CR20]^. Here, we examined the influence of startle probes on both behavioral and neural read-outs of fear learning, by simultaneously assessing brain activation (fMRI), affective learning (FPS) and expectancy learning (retrospective US-expectancy ratings and pupil dilation) during fear conditioning.

Previous fear-conditioning fMRI studies in humans show activation of a large network of brain regions (what we will refer to as the 'fear-network') composed of anterior insular cortex, dorsal anterior cingulate cortex (dACC), thalamus, pre-supplementary and supplementary motor cortex, ventral striatum, dorsal-anterior precuneus, second somatosensory cortex, dorsolateral prefrontal cortex, lateral premotor cortex, ventral-posterior precuneus, lateral cerebellum, septal-hypothalamic zone, midbrain/dorsal pons and pontomedullary junction^[@CR21]^. To our knowledge, so far only two studies have assessed concurrent fMRI and fear-potentiated startle as indices of fear learning^[@CR22],[@CR23]^. Both studies combined measurement of fear-potentiated startle with fMRI during a fear-conditioning task and showed typical fear-network activation. However, they did not specifically test whether startle probes had an influence on different aspects of fear learning. Unlike most fear conditioning fMRI studies^[@CR21]^, amygdala activation was in addition to fear-network activations observed in both studies^[@CR22],[@CR23]^. Therefore, we predicted that acoustic startle probes might enhance fear learning (in the amygdala), as indexed by a stronger differentiation between CS+ and CS−. In the current study, we assessed expectancy learning by use of US-expectancy ratings and pupil dilation. We used pupil dilation instead of the more frequently used skin conductance response, because pupil dilation data is relatively easy to acquire, and the conditioning effect on skin conductance is often less strong due to a relatively high level of noise and large within- and between-subject variability^[@CR15],[@CR24],[@CR25]^. To our knowledge, the effect of acoustic startle probes on fear learning as measured with pupil dilation has not been studied before. Animal studies show that pupil dilation is a relatively direct measure of locus coeruleus (LC) activation^[@CR26]^. Unexpected acoustic beeps elicit LC activity^[@CR27]^, which leads to pupil dilation^[@CR28]^. In humans, pupil dilation response has been shown to occur in anticipation of the US during fear conditioning^[@CR15],[@CR29]--[@CR32]^. Pupil dilation is also thought to reflect an orienting response^[@CR33],[@CR34]^ and a continued state of arousal has been found to increase tonic pupil diameter thereby decreasing phasic pupil responses^[@CR35]^. In addition to the LC, pupil dilation responses during fear learning have been found to correlate with activation in the dACC and to a lesser degree to insula and thalamus^[@CR15]^. These regions are part of the fear-network, or more generally, the salience-network^[@CR21],[@CR36],[@CR37]^. It remains however elusive whether acoustic startle probes actually affect the fear-conditioned changes in pupil dilation and brain activity in the fear-network.

To address this question fear conditioning with and without startle probes was compared within subject while simultaneously assessing brain activity. We assessed the effect of acoustic startle probes on brain activation (both whole brain and in specific regions of interest (ROIs); the dACC, insula, ventral striatum, thalamus, midbrain/dorsal pons and amygdala separately) and pupil dilation during fear conditioning and on retrospective US-expectancy ratings. As CSs we used pictures of neutral faces with two separate categories (i.e., age: adult vs. child and sex: male vs. female) both categories consisted of a CS+ and a CS− stimulus, but only one category was paired with acoustic startle probes (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Task design showing the four within-subject conditions (CS+~Probe~, CS−~Probe~, CS+~No\ probe~ and CS−~No\ probe~) and the timing of the acoustic startle probe and US onsets. Throughout fear acquisition, each CS was presented 13 times, with 46% of the CS+ presentations being reinforced with the US.

Methods {#Sec2}
=======

Participants {#Sec3}
------------

Twenty-six healthy volunteers (20 male, 6 female, all right handed) aged between 19 and 42 years (*M* = 25.2, *SD* = 6.8) participated in this experiment. All participants were right-handed, reported no psychiatric or neurological disorders, no current use of any psychoactive medication and no previous experience with a fear-conditioning procedure. The ethical committee of the University of Amsterdam approved the study protocol (2012-KP-2346) and all procedures were carried out in accordance with the guidelines and regulations. All participants signed informed consent and received financial compensation for their participation.

Experimental design {#Sec4}
-------------------

The experimental design consisted of two conditions: fear conditioning with and without acoustic startle probes (Fig. [1](#Fig1){ref-type="fig"}). Four different pictures served as a to-be conditioned stimulus (CS), two of which were paired with an acoustic startle probe on every presentation (CS~Probe~) and the other two were never paired with a startle probe (CS~No\ probe~). One of the CS~Probe~ stimuli (CS+~Probe~) was, in addition to the startle probe, also paired with the unconditioned stimulus (US) and the other was never paired with the US (CS−~Probe~). Likewise, of the two CS~No\ probe~ stimuli, one was paired with the US (CS+~No\ probe~) and the other was never paired with the US (CS−~No\ probe~).

Stimuli and conditioning procedure {#Sec5}
----------------------------------

The experiment consisted of one session of fMRI scanning during which we used a classical fear-conditioning paradigm, with delay conditioning and partial reinforcement. Prior to scanning, anxiety sensitivity and state anxiety were assessed with the Anxiety Sensitivity Index (ASI; Peterson and Reiss, 1992) and the State Anxiety inventory (STAI-S; Spielberger, 1983) respectively.

An electrical shock served as the US and was delivered twice for 2 ms, with a delay of 300 ms^[@CR30],[@CR32]^, by a Digitimer DS7A constant-current stimulator (Hertfordshire, U.K.) through MRI-compatible carbon electrodes attached to the participant's right wrist. The intensity of the electrical shock was individually adapted by manually triggering the electrical stimuli while the participant was laying on the scanner table. We started at an intensity of 1 mA and continued administering single shocks with a gradual but non-linear increase in intensity (1, 2, 4, 6, 8, 11, 15, 18, 21, 24, 28, 32 mA etc.) until the participant indicated that the electrical stimulus was "clearly uncomfortable, difficult to tolerate, but not painful" (intensity range 8--70 mA, *M* = 25, *SD* = 14.8). The other two stimuli were never reinforced (CS−~Probe~ and CS−~No\ probe~).

Four pictures of neutral faces served as CSs. The images (obtained from Shutterstock, Inc.) were selected according to age (adult vs. child) and sex (male vs. female). All faces were cropped, scaled to equal height, and separated from their background using Adobe Photoshop software (CS5). Images were then placed on a gray background and adjusted on mean brightness. The two CSs+, as well as the two CSs−, were opposites (i.e., male adult and female child, or female adult and male child, etc.) in order to counteract generalization on basis of sex or age. Assignment of the images as CS+, CS− and Probe, No probe was counterbalanced across participants. Visual stimuli were backward-projected onto a screen that was viewed through a mirror attached to the head coil. Participants were further instructed to look carefully at the images, as some of the images would be paired with the electrical shock. Two pictures co-occurred with an acoustic startle probe (100 dB, 40 ms burst of broadband noise administered binaurally through headphones) on every presentation (CSs~Probe~) and the other two were never paired with the probe (CSs~No\ probe~). We used a MRconfon audiosystem (Cambridge Research Systems Ltd, Rochester, Kent, UK) without active noise-cancelling to administer the acoustic startle probes. Participants did not wear earplugs, instead they were protected from the scanner noise by extra foam cushions, including cushions that tightly fit around the headphones, sealing off the scanner noise.

To reduce initial startle reactivity and to familiarize participants with the pictures, fear acquisition was preceded by a habituation phase consisting of six acoustic startle probes presented alone (i.e., noise alone, (NA; interval: 12, 15 or 18 s, *M* = 15 s) and a pre-exposure phase consisting of the first three presentations of each of the four to-be CSs (CS+~Probe~, CS−~Probe~, CS+~No\ probe~ and CS−~No\ probe~) and the NA. During the pre-exposure phase, acoustic startle probes, but not yet the USs were administered. Then, throughout fear acquisition, each CS was presented 13 times, with 46% of the CS+ presentations being reinforced with the US. Again, acoustic startle probes were administered on CS~Probe~ trials, but not CS~No\ Probe~ trials. In addition, 13 NA acoustic startle probes were presented to obtain baseline startle responses.

The duration of CS presentation was 8 s in total. During the 8 s CS presentations the acoustic startle probe was presented 7 s after CS onset (on CS+~Probe~ and CS−~Probe~ trials) and the US was presented 7.5 s after CS onset (on CS+~Probe~ and CS+~No\ probe~ trials; Fig. [1](#Fig1){ref-type="fig"}). The relatively long interval between CS onset and acoustic startle probe and US was used to minimize their influence on the neuroimaging and pupil dilation data. The inter-trial interval (ITI) varied between 12, 15, and 18 s (*M* = 15 s). Trial order and ITIs were semi-random, such that no more than two consecutive trials or ITIs were of the same type. After scanning, awareness of the CS−US contingency was first assessed verbally. Thereafter, participants gave written retrospective US-expectancy ratings, evaluated the US and startle probe and filled in the second STAI-S and a Trait Anxiety Inventory (STAI-S and STAI-T; Spielberger, 1983).

Measures {#Sec6}
========

Self-report questionnaires {#Sec7}
--------------------------

The Anxiety Sensitivity Index (ASI; Peterson & Reiss, 1992) was used to assess participants' tendency to respond fearfully to anxiety-related symptoms. Their degrees of state and trait anxiety were assessed using the State--Trait Anxiety Inventory (STAI; Spielberger, Gorsuch, & Lushene, 1970).

Fear-potentiated startle reflex {#Sec8}
-------------------------------

The conditioned fear response was measured as potentiation of the acoustic startle reflex. The eye blink component of the reflex was acquired through electromyography (EMG) measurements of the right orbicularis oculi muscle^[@CR38]^. We used disposable MR compatible carbon electrodes (Kendall H135TSG 35 mm) with a vinyl tape backing. Part of the adhesive strip of the electrode (approximately 20 mm) was cut off to allow for convenient positioning under the participants eye. To prevent possible warming of the electrodes in the scanner we used carbon electrode leads with carbon current-limiting resistors serially connected between the lead and electrode^[@CR39]^. Electrode leads were twisted to minimize gradient artefacts on the EMG recordings and connected to an MRI-compatible amplifier (Geodesic EEG system 300 MR, EGI, USA) that was placed outside the scanner bore and grounded through a RF filter. Data were sampled at 1000 Hz and recorded using NetStation software (version 4.5.2, Electrical Geodesics, Inc. (EGI), Eugene, USA).

Unfortunately we could not analyze the fear-potentiated startle data because the quality of the signal that remained after offline filtering (to remove MRI artefacts) was insufficient. We tried to offline correct the raw EMG signal for scanner artefacts. Multiple different filter options from NetStation software and Brain Vision Analyzer software (version 1.05, Brain Products GmbH, Munich, Germany) were applied. Scanner artefacts were removed by subtracting an artefact template from the EMG data using a sliding average of 2, 5, 10, 15, 20 and 25 consecutive volumes. In addition, we removed the scanner artefact with all other available options in NetStation; by applying Gaussian removal, averaging over all volumes, and calculating an exponential average with a 0.5, 0.10 or 0.15 smoothing factor. Every filter successfully removed the MRI-artefact from the EMG data, however none was able to distinguish between FPS signal and MRI-artefact and therefore the FPS signal was removed from the data together with the MRI-artefact and only a low frequency (\<28 Hz) signal component of the FPS signal remained, which likely reflects a motion artefact^[@CR38]^.

Pupil dilation {#Sec9}
--------------

Pupil dilation responses were recorded continuously using a non-ferromagnetic eye tracker with fiber optic camera upgrade (EyeLink 1000, SR Research Ltd., Mississauga, Ontario, Canada). Data were sampled at 250 Hz. Subsequently, pupil dilation responses were calculated as the peak in pupil diameter during stimulus presentation (i.e., 0--6.5 s after stimulus onset) from baseline (i.e., 500 ms prior to stimulus onset). Data samples that were obscured by eye blinks (more than 10 ms of missing consecutive samples) and the 100 ms before and after each blink were discarded and replaced by a linear trend at point, using the entire time series. Furthermore, trials containing substantial signal loss, affecting more than 50% of the baseline or the 6.5 s after stimulus onset, were regarded as unreliable and replaced by estimating the linear trend at point over trials for each condition separately (*M* = 3.1%, *SD* = 4.2%).The applied methods were similar to previous studies from our group^[@CR30]--[@CR32]^. Finally, pupil dilation responses were converted to t-scores within participants.

Neuroimaging {#Sec10}
------------

Imaging was conducted using a 3 T MRI scanner (Philips, Achieva XT) with a 32-channel head coil. Whole-brain functional MRI images were acquired: GE-EPI, TR = 2000 ms, TE = 27.6 ms, FA = 76.1°, FOV = 240 mm; matrix = 80 × 80; slice thickness = 3 mm; 37 axial slices sequentially acquired). Additionally, a T1-weighted anatomical image was obtained for each participant (TR = 8.2 ms; TE = 3.7 ms; FA = 8°; FOV = 240 × 188 mm; matrix = 240 × 240; slice thickness = 1 mm; 220 axial slices sequentially acquired).

Retrospective US-expectancy and aversion ratings of US and acoustic startle probe {#Sec11}
---------------------------------------------------------------------------------

Participants retrospectively rated the likelihood of US delivery for each stimulus type for the beginning (pre-exposure), mid (early acquisition), and end (late acquisition) of the fear conditioning task on an 11-point Likert scale (−5: certainly not, 0: maybe, and 5: certainly). In addition, the US and acoustic startle probe were evaluated for averseness by means of the arousal and valence dimensions of the Self-Assessment Manikin^[@CR40]^. Participants rated the stimuli on the pictorial dimensions of arousal and valence on a 9-point Likert scale (1: excited and positive, 9: calm and negative).

Analysis {#Sec12}
========

Pupil dilation and retrospective US-expectancy ratings {#Sec13}
------------------------------------------------------

Pre-exposure (trials 1--3) was compared to late acquisition (trials 10--16). Accordingly, pupil dilation responses and US-expectancy ratings were separately computed for the pre-exposure and late acquisition phase. To statistically examine the effect of acoustic startle probes on fear learning (i.e., pupil dilation, US-expectancy ratings), we used repeated measures ANOVAs (SPSS, version 23) with Stimulus (CS+ vs. CS−), Trial (pre-exposure vs. late acquisition), and Condition (Probe vs. No probe) as within-subjects variables and with a significance level of *p* \< 0.05. Where appropriate, Greenhouse-Geisser corrections were applied to control for the violation of the sphericity assumption. In addition, arousal and valence ratings of startle probes and US were analyzed using paired samples *t*-tests (two-tailed). Post-hoc *t*-tests were tested one-tailed with a significance level of *p* \< 0.05.

Neuroimaging {#Sec14}
------------

Imaging data were processed and analyzed using FSL (FMRIB's Software Library) software. First, functional images were motion corrected (MCFLIRT)^[@CR41]^, spatially smoothed (5 mm full-width-at-half-maximum Gaussian kernel), and high-pass filtered (cutoff = 100 s). Structural images were brain extracted (BED)^[@CR42]^. Subsequently, for each participant, functional images were aligned to the structural image and transformed, on the basis of this structural image, to standard space (MNI) using a 7-degree-of-freedom affine registration followed by linear warping.

Thereafter, functional MRI data were analyzed using general linear models. Stimulus onsets for the four conditions (CS+~Probe~, CS−~Probe~, CS+~No\ Probe~ and CS−~No\ Probe~) were modelled as double Gamma functions with a duration of 0 ms, leaving a time window of 7 s until onset of the startle probe in the Probe condition and 7.5 s until the onset of the US in the reinforced CS+ trials. Furthermore, the USs and acoustic startle probes (as well as the motion parameters in six directions and the temporal derivatives of the task-regressors) were included in the model as regressors of no interest to ensure estimation of the variance uniquely explained by the CSs. Contrasts for the four conditions versus baseline were specified on the first single-subject level. Then, on the second single-subject level, the main effect of Stimulus (CS+/CS−) across the Probe and No probe condition (CS+~Probe~ and CS+~No\ Probe~ \> CS−~Probe~ and CS−~No\ Probe~), the main effect of Condition (Probe/No probe) across CS+ and CS− (CS+~Probe~ and CS−~Probe~ \< \> CS+~No\ Probe~ and CS−~No\ Probe~), and the interaction between Stimulus and Condition were specified.

Voxel-wise statistical tests were family-wise error rate corrected for multiple comparisons (*p* \< 0.05) for the whole brain or the ROIs using threshold free cluster enhancement (TFCE)^[@CR43]^ with 5000 permutations. The six ROIs were defined on the basis of a recent meta-analysis of fear-conditioning studies^[@CR21]^ and included the dACC, insula, ventral striatum, thalamus and midbrain/dorsal pons. In addition, we included the amygdala because of its hypothesized involvement in fear-potentiated startle^[@CR5],[@CR10]^. The subcortical regions (ventral striatum, amygdala and thalamus) were anatomically defined using the Harvard-Oxford subcortical structural atlas as implemented in FSL (probability ≥25%). The cortical regions (dACC and insula) and midbrain/dorsal pons were created centered around peak activation coordinates obtained from the literature. We used 15-mm spheres for dACC left/right: x = 8/−10, y = 18/6, z = 42/44 and for insula left/right: x = −40/40, y = 18/16, z = −2/2^[@CR21]^. The midbrain/dorsal pons was defined as two box masks (10 × 10 × 22 mm) centered around the periaqueductal grey (PAG) x = 0, y = −30, z = −12^[@CR44]^ and the LC x = 2, y = −38, z = −28^[@CR45]^. All coordinates are reported in MNI standard space. We performed additional ROI analyses to obtain non-biased effect sizes. Therefore, we extracted the mean z-value on single subject level from the individual ROIs (FSL Featquery) and conducted repeated measures ANOVA (SPSS, version 23) to calculate partial eta-squared. For both types of fMRI analyses, we used Bonferroni correction for six ROIs, resulting in an adjusted significance level of 0.0083.

The datasets generated and analysed during the current study are available in the Open Science Framework repository; <https://osf.io/e8vbn/>.

Results {#Sec15}
=======

Study sample {#Sec16}
------------

Data from several participants were excluded entirely from the analyses due to excessive sleepiness as monitored with pupil recordings (n = 5) and technical difficulties with administration of the acoustic probes (n = 2). One participant was excluded from the MRI and pupil dilation analysis due to incomplete data transportation (n = 1). Two others were excluded only from pupil dilation analysis because over 25% of the trials within one condition were obscured by eye blinks (n = 2). Thus, the remaining samples on which analyses were performed consisted of 16 participants for pupil dilation and 18 participants for MRI and US-expectancy ratings. For ASI, STAI-S and STAI-T scores see Table [1](#Tab1){ref-type="table"}.Table 1Self-reported state and trait anxiety and anxiety sensitivity scores for the participants included in the fMRI analysis (n = 18).MeanStandard deviationMinimum scoreMaximum scoreASI7.785.00223STAI-S pre-scan32.227.862047STAI-S post-scan33.896.852045STAI-T35.789.662357

Aversion ratings US and startle probe {#Sec17}
-------------------------------------

We assessed whether the US and the startle probe differed on valence and arousal reported by participants. We found no significant difference (*t*(17) \<1) between the level of arousal elicited by the US (*M* = 4.83, *SD* = 2.20) and the startle probe (*M* = 5.39, *SD* = 1.88). Likewise, we found no significant difference (*t*(17) \<1) between the valence reported for the US (*M* = 6, *SD* = 1.85) and the startle probe (*M* = 6.5, *SD* = 1.2), suggesting that the US and startle probe were equally aversive.

US-expectancy ratings {#Sec18}
---------------------

We compared retrospective US-expectancy ratings (CS+ vs. CS−) during pre-exposure to late acquisition and analyzed the effect of startle probes on expectancies. Analyses of variance showed marginally significant less differentiation of US-expectancies in the Probe compared to the No probe condition (Stimulus × Trial × Condition: *F(*1,17) = 4.04, *p* = 0.06, η~p~^2^ = 0.19; Fig. [2](#Fig2){ref-type="fig"}). The main effect of Stimulus was significant *F(*1,17) = 25.94, *p* \< 0.001, η~p~^2^ = 0.60) and the main effects of Trial (*F(*1,17) = 0.08, *p* = 0.78, η~p~^2^ = 0.01) and Condition (*F(*1,17) = 1.22, *p* = 0.28, η~p~^2^ = 0.07) were not significant. The interaction effect between Stimulus and Trial was significant (*F(*1,17) = 16.72, *p* = 0.001, η~p~^2^ = 0.50) and the interaction effects between Stimulus and Condition (*F(*1,17) = 0.38, *p* = 0.55, η~p~^2^ = 0.02) and between Trial and Condition (*F(*1,17) = 0.65, *p* = 0.43, η~p~^2^ = 0.04) were not significant.Figure 2Retrospective US-expectancy ratings for the pre-exposure and late acquisition for the Probe and No probe condition. Error bars represent standard error of the mean.

Pupil dilation {#Sec19}
--------------

We compared differential pupil dilation (CS+ vs. CS−) during pre-exposure to late acquisition and assessed the effect of startle probes on conditioning (Fig. [3](#Fig3){ref-type="fig"}). If more than 25% of the trials within one condition had to be discarded, the participant was excluded from pupil dilation analysis.Figure 3Pupil dilation response (Z-scores) during pre-exposure and late acquisition for the Probe and No probe condition. Error bars represent standard error of the mean. \*Indicate significant differences (post-hoc t-tests tested one-tailed).

Analyses of variance showed that fear learning, as indexed by pupil dilation, differed in the Probe as compared to the No probe condition (Stimulus × Trial × Condition: *F(*1,15) = 5.29, *p* \< 0.05, η~p~^2^ = 0.26). The main effect of Stimulus (*F(*1,15) = 0.00, *p* = 0.99, η~p~^2^ = 0.00) and the main effect of Condition (*F(*1,15) = 0.92, *p* = 0.35, η~p~^2^ = 0.06) were not significant, while the main effect of Trial was significant (*F(*1,15) = 5.20, *p* = 0.04, η~p~^2^ = 0.26). The interaction effects between Stimulus and Trial (*F(*1,15) = 2.55, *p* = 0.13, η~p~^2^ = 0.15), Stimulus and Condition (*F(*1,15) = 0.95, *p* = 0.35, η~p~^2^ = 0.06) and Trial and Condition (*F(*1,15) = 0.03, *p* = 0.87, η~p~^2^ = 0.00) were not significant.

The No probe condition showed successful fear learning, indicated by a significant increase in differential pupil dilation (CS+ vs. CS−) from pre-exposure to late acquisition (Stimulus × Trial: *F(*1,15) = 8.65, *p* = 0.01, η~p~^2^ = 0.37), whereas the Probe condition showed no fear acquisition, as indicated by a lack of differentiation between the CS+ and CS− in the probe condition (Stimulus × Trial: *F(*1,15) \<1.0).

That is, in the No probe condition only, the fear-conditioned stimulus (CS+) elicited significantly larger pupil dilation responses than did the control stimulus (CS−) during late acquisition (*t*(15) = 2.22, *p* \< 0.05, one-tailed, *d* = 0.56). To confirm, CS+ and CS− did not differ during pre-exposure(*t*(15) \<1.0). To better understand the lack of a significant interaction effect in the Probe condition, we performed an additional exploratory analysis, testing whether the lack of a difference was due to a lower-than-usual CS+ response or an elevated CS− response. As it turned out, the lack of differential pupil dilation (CS+ vs. CS−) in the Probe condition was driven by elevated pupil dilation to the CS− as compared to the No Probe condition (*t*(15) = 2.58, *p* = 0.01, one-tailed, *d* = 0.64) during late acquisition, but not during pre-exposure (*t*(15) \<1.0).

In addition, we assessed whether a difference in number of gaze shift artefacts could have influenced our findings. With a repeated measures ANOVA we tested whether the number of saccades differed between conditions. We found a trend significant main effect of stimulus (*F(*1,15) = 3.72, *p* = 0.07, η~p~^2^ = 0.20), no significant main effect of condition (*F(*1,15) = 0.02, *p* = 0.89, η~p~^2^ = 0.00) and no significant interaction between stimulus and condition (*F(*1,15) = 0.00, *p* = 1.00, η~p~^2^ = 0.00). Hence, the decreased differentiation in the Probe condition cannot be explained by a difference in number of saccades.

Neuroimaging {#Sec20}
============

The main effect of Stimulus across the Probe and No probe conditions (CS+ \> CS−) showed significant conditioning in the insula, dACC, lateral occipital cortex, planum temporale, frontal pole, superior temporal gyrus, occipital pole, superior frontal gyrus, precentral gyrus, angular gyrus, middle frontal gyrus, posterior supramarginal gyrus and superior frontal gyrus on whole brain level (Fig. [4](#Fig4){ref-type="fig"}) and also in nucleus accumbens after small volume correction (Table [2](#Tab2){ref-type="table"}). Moreover, the main effects CS−\> CS+ and Probe \>/\< No Probe, did not show significant voxels.Figure 4Activation for the main effect of conditioning, irrespective of startle probes (contrast CS+ \> CS−, p~TFCE~ \<0.05).Table 2Peak coordinates of significantly activated brain regions. We applied threshold free cluster enhancement (TFCE). \*Significant on whole brain level with an α of 5%.ContrastRegionSideMNI- coördinates*p*-value*t*-scoreXYZCS+ \> CS−OFCL527825*p* = 0.004\*6.2InsulaL627735*p* = 0.019\*5.0dACC457251*p* \< 0.001\*7.1Cuneal cortexL512058*p* = 0.027\*4.8672038*p* = 0.029\*5.2Planum temporaleL754943*p* = 0.039\*4.0Frontal poleL658551*p* = 0.036\*5.1Superior temporal gyrusL776336*p* = 0.041\*4.4Occipital poleL631642*p* = 0.036\*5.3Superior frontal gyrusL526771*p* = 0.036\*5.4Precentral gyrusL706560*p* = 0.046\*4.4Angular gyrusL633654*p* = 0.045\*4.5Precentral gyrusL656565*p* = 0.049\*4.1Posterior supramarginal gyrusL624054*p* = 0.048\*4.3Superior frontal gyrusL527170*p* = 0.047\*4.9AccumbensL496830*p* \< 0.001\*\*4.5R426632*p* = 0.003\*\*4.3Interaction CS x ProbeAmygdalaL526225*p* = 0.029\*\*\*3.7\*\*Significant after small volume correction and after Bonferroni correction of α for the number of ROIs (six ROIs). \*\*\*Significant after small volume correction, but not after Bonferroni correction of α for the number of ROIs (six ROIs). The contrasts CS− \> CS+, Probe \> No probe and No probe \> Probe yielded no significantly activated voxels.

The Stimulus × Condition interaction showed an effect of startle probes on fear conditioning in the amygdala (t(17) = 3.7, *p* = 0.029). However, this effect did not reach the threshold of significance after Bonferroni correction of α for the number of ROIs.

Subsequently, we performed additional ROI analyses to obtain an estimation of the non-biased effect sizes. We extracted mean z-values from single subject z-stats from the individual ROIs for the contrasts CS+~Probe~, CS−~Probe~, CS+~No\ probe~ and CS−~No\ probe~ and performed a repeated measures ANOVA (Stimulus × Condition) (Table [3](#Tab3){ref-type="table"}). We found a significant main effect of Stimulus in the dACC (*F(*1,17) = 10.33, *p* = 0.05, η~p~^2^ = 0.378), insula *F(*1,17) = 6.19, *p* = 0.024, η~p~^2^ = 0.267 uncorrected) and ventral striatum *F(*1,17) = 26.60, *p* \< 0.01, η~p~^2^ = 0.610). We neither observed a significant main effect of Condition (η~p~^2^ range from \<0.01 in midbrain to 0.19 in amygdala) nor a significant interaction between Stimulus and Condition; the effect sizes (η~p~^2^) ranged from 0.018 in the insula to 0.143 in amygdala and 0.147 in dACC. For exploration of the direction of the effect in the amygdala (resulting from the voxel wise analysis described above), and in the dACC (not significant, but showing the largest effect size in the ROI analysis) the mean z-values per condition are depicted in Fig. [5a and b](#Fig5){ref-type="fig"}. Further, to make sure that we do not falsely dismiss a possible effect of acoustic startle probes on fear learning (as measured with fMRI) due to a lack of power, we performed sample size calculations to estimate the sample size that would be required to be able to observe a significant interaction effect (G\*Power version 3.1.9.2 ANOVA: Repeated measures, within factors with correlation among repeated measures: 0.5). We would have needed a sample size of 4208 for the insula (η~p~^2^ = 0.018) and a sample size of 65 for dACC (η~p~^2^ = 0.147) to obtain significant interactions with 80% power at 5% alpha.Table 3Stimulus (CS+/CS−) × Condition (Probe/No probe) repeated measures ANOVA on single subject mean z-stats extracted from the individual ROIs for the contrasts CS+~Probe~, CS−~Probe~, CS+~No\ probe~ and CS−~No\ probe~.Main effect of Stimulus (2)Main effect of Condition (2)Interaction Stimulus(2) × Condition (2)FFF*p*-valueη~p~^2^*p*-valueη~p~^2^*p*-valueη~p~^2^dACC10.3320.5992.920*0.005*\*0.378*0.450*0.034*0.106*0.147Insula6.1880.3700.313*0.024*0.267*0.551*0.021*0.583*0.018Thalamus1.5230.0431.836*0.234*0.082*0.838*0.003*0.193*0.097Ventral striatum26.6040.1241.464\<*0.001*\*0.610*0.729*0.007*0.243*0.079Amygdala0.8823.9092.847*0.361*0.049*0.064*0.187*0.110*0.143Midbrain1.1600.0000.928*0.297*0.064*0.992*\<0.001*0.349*0.052\*Significant after Bonferroni correction of α for the number of ROIs (six ROIs).Figure 5(**a**) Mean z-values for the amygdala and for the dACC (**b**) for CS+~Probe~, CS−~Probe~, CS+~No\ probe~ and CS−~No\ probe~ extracted from single subject z-stats. Error bars represent standard error of the mean.

Discussion {#Sec21}
==========

Successful differential fear conditioning was observed on both the physiological and the behavioral measures of fear. In line with previous studies, pupil (No probe condition) and US-expectancy ratings (Probe and No probe condition) showed conditioned responding to the CS+ compared to the CS−^[@CR15],[@CR22],[@CR23],[@CR30]-[@CR32]^. Also, increased activity to the CS+ compared to the CS− was observed in the dACC, insula and ventral striatum. This activation of regions in the fear-network is consistent with previous fMRI studies on fear conditioning^[@CR21]^. Moreover, previous studies have implicated ACC and insula activation in fear learning and the expression of the fear response mainly after knowledge of the CS−US contingency has been established^[@CR21],[@CR46],[@CR47]^ and activation of ventral striatum has been found to play a role in fear learning and in the prediction of salient cues in general^[@CR21],[@CR46],[@CR48]^. In addition to the overall effect of fear conditioning, we found that acoustic startle probes influenced pupil dilation by increasing pupil responses to the CS−, and we found a trend significant interaction between Stimulus and Condition in US-expectancy ratings and in brain activation in the amygdala. Both the interaction between Stimulus and Condition in pupil dilation (Fig. [3](#Fig3){ref-type="fig"}) and in US-expectancy ratings (Fig. [2](#Fig2){ref-type="fig"}) showed a pattern of decreased differentiation between CS+ and CS−, caused by an increased responding to CS− in the probe condition (not tested for US-expectancy). Note however that retrospective US-expectancy ratings were used and that this might be less sensitive than online US-expectancy ratings. The increased pupil response to CS− in the Probe condition, together with the finding that participants reported to perceive the startle probe as equally aversive and arousing as the US, suggests that the startle probe elicits an anticipatory pupil dilation response similar to the US. This suggests that arousal, and thereby orienting^[@CR33],[@CR34]^, might be increased by the acoustic startle probe. The CS− in the Probe condition might therefore be perceived as less safe than the CS− in the No probe condition, reducing safety learning. Furthermore, acoustic startle probes were administered on every Probe trial, but a task with a partial scheme (probe administered on a percentage of the trials) is likely to show the same effect because the anticipation of the acoustic startle probe (similar to US anticipation) causes the increase in pupil dilation for the CS−. These findings are not in line with previous results by Sjouwerman and colleagues showing that acoustic startle probes decreased skin conductance responding for CS+^[@CR20]^. A possible explanation of the discrepancy may be that Sjouwerman and colleagues used skin conductance instead of pupil dilation and a between subject design, requiring a different interpretation of response amplitudes than in our within-subject design. Another difference between studies is the 100% US reinforcement rate (vs 46% in the current study) which could potentially lead to a habituation of the negative valence of the CS+ thereby attenuating the startle fear response. We did not observe an effect of acoustic startle probes on midbrain activity, even though pupil dilation is thought to be a direct measure of LC activation^[@CR26]^. We might have been able to detect a possible effect of acoustic startle probes on LC activity, if the spatial resolution and scan parameters had been optimized for LC imaging. In addition, we did not find a significant (interaction) effect of probes in the dACC, insula and thalamus, regions in which activation seems to correlate with pupil dilation during fear learning^[@CR15]^. However, a (relatively) large effect size for the interaction between Stimulus and Condition (0.147) was found in the dACC, the region that correlates strongest with pupil dilation^[@CR15]^. Likewise, we observed a significant interaction effect that did not survive Bonferroni correction (for testing multiple ROIs) in the amygdala. We did not perform post-hoc tests to further assess the potential effect. Together, these findings suggest that acoustic startle probes affect fear learning to some extent and that this effect is likely to be mediated through increased arousal. In addition, the finding that acoustic startle probes affect fear learning implies that FPS indeed does not reflect the same fear learning process as pupil dilation.

Importantly, we observed normal fear-network activation and the startle probes did not significantly affect activation in regions of the fear-network, indicated by generally low effect sizes of the Stimulus and Condition interaction.

Unfortunately we were unable to analyze the FPS data because the data acquisition methods of the current study yielded FPS data of insufficient quality. In a previous study our lab was able to measure FPS in the scanner^[@CR23]^. While we used the same off-line filtering procedures in the current study (and additionally tried alternative ones), the data acquisition set-up was quite different (e.g., different electrodes, different leads, a different amplifier, different software and a lower sampling rate), and resulted in poor-quality EMG data. At present, we do not know what procedural elements are key to obtaining reliable FPS signal in the scanner, but we think that the relatively low sampling rate (1000 Hz) in the current study (cf 2048 in van Well *et al*., 2013) is likely to be the main problem. The very limited number of published studies combining acoustic FPS and fMRI suggests that this is still very challenging^[@CR22],[@CR23]^. Specifically combining FPS and fMRI seems to be a problem, since other forms of EMG measurements, with signals of interest in a different frequency range than FPS, have been successfully combined with fMRI^[@CR49]--[@CR51]^.

A limitation of the current study is the relatively large number of participants that had to be excluded from analysis (n = 10). Some of them had to be excluded because of technical difficulties with the setup, but the majority had to be excluded because of sleepiness. This was surprising considering that both very loud noises and electrical shocks were administered during our task, but the relatively long inter-trial-intervals (M = 15 s) might nevertheless have caused participants to dose off. In addition, several parameters might influence accurate measurement of pupil dilation: whether or not a fixation cross is presented on top of the pictures, the visual angle of the pictures and whether gaze shift related artefacts differ between conditions. We cannot completely rule out that our data is somehow influenced by these parameters. To summarize, acoustic startle probes influence fear learning by enhancing the pupil dilation to the safety cue. A similar effect of probes on retrospective US-expectancy ratings (trend significant) was observed and, in addition, acoustic startle probes may also affect fear learning in the amygdala(trend significant).

In conclusion, acoustic startle probes affect differential fear learning by impeding safety learning, as measured with pupil dilation, a read-out of the cognitive component of fear learning. However, we observed no significant effect of startle probes on other measures of fear learning (retrospective US-expectancy ratings and BOLD fMRI of the fear-network). Hence, a possible effect of startle probes on cognitive read-outs of fear learning should be taken into consideration when deciding on the preferred measures of interest, but we found no further evidence against combining multiple read-outs of fear-learning within one experiment.
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